BACKGROUND: Dysnatremia may predispose to falls and fractures, and serum sodium may influence bone health. Little is known of the association of perioperative dysnatremia and clinical outcomes in those undergoing major orthopedic surgery.
OBJECTIVE:
We examined the association of serum sodium (corrected for glucose) with morbidity and mortality in a sample of hospitalized patients undergoing major orthopedic procedures at 2 large academic medical centers.
DESIGN:
Retrospective observational study.
SETTING AND PARTICIPANTS:
Adult patients admitted to major academic teaching hospitals for a major orthopedic procedure from January 2006 to January 2011.
METHODS:
The association of serum sodium with logtransformed hospital length of stay was assessed by fitting linear regression models. The association with 30-day mortality was assessed by fitting Cox proportional hazards models.
RESULTS: There were 16,206 unique admissions, of which 44.8% were male, with a mean age of 62.5 years.
Mean corrected serum sodium was 138.5 6 2.9 mmol/L; 1.2% had moderate/severe hyponatremia, 6.4% had mild hyponatremia, and 2.5% were hypernatremic. In adjusted models, compared with normonatremia, moderate/severe hyponatremia, mild hyponatremia, and hypernatremia were associated with a 1.6-, 1.4-, and 1.4-daylonger hospital stay, respectively, and greater risk of 30-day mortality (hazard ratio Sodium is the predominant extracellular cation and a major determinant of serum osmolality. As such, the serum sodium (SNa) concentration in humans is closely maintained by sensitive homeostatic mechanisms. However, disorders of sodium homeostasis are relatively common in selected patient populations, resulting in hyponatremia (<135 mmol/L) or hypernatremia (>144 mmol/L). 1, 2 The presence of hyponatremia is independently associated with greater mortality in hospitalized individuals, 3 including patients with congestive heart failure 4 and cancer. 5 In prior subgroup analyses of patients with musculoskeletal disorders undergoing surgery, hyponatremia (<135 mmol/L) at the time of hospital admission was associated with a 2.31-fold greater risk of death, compared with normonatremic individuals (135-144 mmol/L). 3 Hyponatremia is also associated with increased fracture risk 6, 7 and disturbances of gait 8 ; however, controversy remains as to whether this association is causal or simply a marker of comorbid disease. On the other hand, hypernatremia has been associated with greater risk of mortality in critically ill patients 9 ; however, there is a relative paucity of data regarding clinical associations in the orthopedic population.
We aimed to examine the relationship of the perioperative SNa (corrected for glucose) with length of stay and 30-day mortality in patients undergoing major orthopedic surgery. We hypothesized that both hypo-and hypernatremia would be associated with greater length of stay and greater 30-day mortality.
METHODS

Study Population
Administrative and laboratory data were obtained from individuals admitted to 2 major hospitals in Boston, Massachusetts. Brigham and Women's Hospital is a 793-bed academic medical center; Massachusetts General Hospital is a 907-bed academic medical center. These hospitals provide care to an ethnically and socioeconomically diverse population within eastern Massachusetts and the surrounding region. The study was deemed exempt by the Partners Institutional Review Board.
The Research Patient Data Registry serves as a central data warehouse for over 1.8 million inpatients and outpatients; it contains information on patient demographics, diagnoses, procedures, medications, inpatient and outpatient encounters, and laboratory results. The database has been accessed previously for clinical studies. 3, 10 Between January 1, 2006 and January 27, 2011, data from the index admission of adult individuals undergoing major orthopedic procedures were abstracted from the Research Patient Data Registry (n 5 21,663). Those without availability of simultaneous measurements of SNa and glucose within 6 days of surgery (to minimize iatrogenic influences on SNa) were excluded (n 5 4995), leaving 16,668 admissions available for analysis. Reasons for exclusion included a length of stay 1 day (n 5 137) and/or age <18 years (n 5 327). The final cohort consisted of 16,206 unique individuals.
The following data were retrieved: age, race, sex, length of stay, vital status (linked to the Social Security Death Index), International Classification of Diseases, 9th Revision, Clinical Modification (ICD-9-CM) diagnosis codes (up to 10 per patient), and inpatient sodium and glucose measurements. The Deyo modification of the Charlson Comorbidity Index (D-CI) was used to estimate comorbid disease status (sum of the weighted number of comorbid conditions based on 17 diagnostic categories identified from ICD-9-CM diagnosis codes).
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Exposures and Outcomes
The primary exposure of interest was the serum sodium concentration during hospitalization most proximal to the day of surgery. All serum sodium measurements were corrected for concomitant serum glucose >100 mg/dL in the following manner: corrected sodium (SNa) 5 measured sodium 1 (measured glucose-100/100)*1.6.
12 SNa was then categorized into moderate/severe hyponatremia (130 mmol/L), mild hyponatremia (131-134 mmol/L), normonatremia (135-143 mmol/L), or hypernatremia (144 mmol/L). The primary outcomes of interest were hospital length of stay and 30-day mortality. Length of stay was log-transformed due to the highly rightskewed distribution. For mortality analyses, at-risk time was considered from the date of laboratory measurement of SNa until death or 30 days later, whichever came first.
Statistical Analysis
Continuous variables were examined graphically and recorded as means (6 standard deviations); comparisons were made using t tests. Categorical variables were examined by frequency distribution, recorded as proportions, and comparisons were made using the v 2 test.
The association between log-transformed length of stay and category of SNa was assessed by linear regression models; the association with all-cause mortality was assessed by fitting Cox proportional hazards models. Initially unadjusted models were fit. To explore the extent of confounding, case-mix adjusted models were fit as follows: model 1 was adjusted for age, race (black vs nonblack), sex (male vs female), and clinical center. Model 2 was adjusted for the same variables as model 1, in addition to the D-CI score (1, 2, or 3) and diagnosis of fracture; model 3 was adjusted for the same covariates as model 2 plus Subgroup analyses were performed according to the presence or absence of a diagnostic code for fracture. As the majority of patients had their SNa measured on the same day as surgery, sensitivity analyses were performed that restricted inclusion to those individuals with SNa measured within 60 days prior to admission. Two-tailed P values <0.05 were considered statistically significant. Analyses were performed with SAS version 9.2 (SAS Institute, Cary, NC) and Stata 10MP (StataCorp, College Station, TX).
RESULTS
Baseline Characteristics
The primary cohort consisted of 16,206 individuals. Mean age was 62.5 years (616.6), 44.8% were male, 4.6% were black, 4.9% had CHF, and 12.4% were diabetic. The mean SNa was 138.5 6 2.9 mmol/L; 1.2% had moderate/severe hyponatremia, 6.4% had mild hyponatremia, and 2.5% were hypernatremic. Those with lower SNa tended to be older, female, and more likely to have CHF, cancer, liver disease, and higher comorbidity scores than those with normonatremia (Table 1) .
Hospital Length of Stay
The median length of stay was 4 days (interquartile range, 3-6 days). The unadjusted length of stay was greater for those with hypo-and hypernatremia compared with those who were normonatremic. In multivariable adjusted models this pattern persisted, with evidence for a J-shaped association for categories of SNa with greater length of stay (Table 2 ). In adjusted subgroup analyses, similar J-shaped patterns of association (model 3) were evident in those with and without a diagnosis of fracture.
In sensitivity analyses restricted to individuals with SNa available within 60 days prior to admission, the effect estimates for the relationships between categories of hyponatremia and length of stay were qualitatively unchanged (see Supporting Information, Table A, in the online version of this article).
30-Day Mortality
Overall, patients contributed 1325 years of at-risk time, during which 208 deaths were recorded within 30 days of orthopedic surgery. In both unadjusted and case-mix adjusted models, there was evidence for the presence of a J-shaped association for categories of SNa with greater 30-day mortality (Table 3) . Restricted cubic spline analyses provided additional evidence for the presence of a nonlinear relationship, with hypo-and hypernatremia being associated with greater 30-day mortality ( Figure  1 ). In adjusted subgroup analyses, mild hyponatremia and hypernatremia remained associated with greater mortality in those with fracture, whereas only moderate/ severe hyponatremia remained associated with greater mortality in those without a diagnosis of fracture.
In sensitivity analyses, when restricted to individuals with SNa available within 60 days prior to admission, the effect estimates for the relationships between categories of hyponatremia and length of stay were qualitatively unchanged (see Supporting Information, Table B, in the online version of this article).
DISCUSSION
In this study of hospitalized patients undergoing major orthopedic procedures, we report that abnormal preadmission and perioperative SNa during hospitalization are: (1) present in approximately 10% of patients, (2) associated with greater hospital length of stay, and (3) associated with greater 30-day mortality. The incidence of perioperative hyponatremia (<135 mmol/L) in prior studies ranges from 9.1% to 26.5% in studies of patients over 65 years of age admitted to the hospital with large bone fractures. 13, 14 In our study, the overall incidence of hyponatremia (SNa <135 mmol/L) was 7.6%. Of note, our sample included individuals aged 18 years and was not limited to individuals with fractures, which may partly explain why the incidence was lower than that previously reported.
Few studies have examined the association of perioperative hyponatremia with length of stay in the hospitalized orthopedic surgery population. We found that both hyponatremia and hypernatremia (corrected for glucose) were independently associated with greater adjusted hospital length of stay, compared with normonatremic individuals. This has important implications for healthcare costs and resource utilization. However, it is unclear if dysnatremia is associated with other metrics of postoperative recovery that could delay discharge, or whether dysnatremia alone is responsible for the decision to delay discharge (despite other measures of recovery being deemed adequate).
Leung et al. recently examined the association of preoperative hyponatremia (<135 mmol/L, uncorrected and measured within 90 days of surgery) with 30-day mortality in 964,263 patients from the American College of Surgeons National Surgical Quality Improvement Program (ACS NSQIP) dataset. 15 They found that preoperative hyponatremia was associated with 44% greater adjusted odds (odds ratio [OR]: 1.44, 95% CI: 1.38-1.50) of 30-day mortality in the whole cohort and with 56% greater adjusted odds (OR: 1.56, 95% CI: 1.22-1.99) in the subgroup of orthopedic patients. Waikar et al. also reported that hyponatremia is associated with greater in-hospital and long-term mortality in the subgroup of hospitalized patients who were admitted for musculoskeletal problems requiring surgery. 3 Our analyses support these findings and provide greater confidence by specifically focusing on patients admitted for major orthopedic surgery. We also expand the current knowledge base by correcting for serum glucose concentrations and by reporting associations of moderate/ severe hyponatremia with adverse clinical outcomes.
The incidence of perioperative hypernatremia in our study was 2.5%, which compares to 1.0% to 2.6% in other studies of orthopedic patients. 14, 16 Hypernatremia has previously been associated with greater mortality in hospitalized patients in the intensive care unit (ICU) setting at the time of admission, 17 during the ICU stay, 9 in older patients (>60 years), 18 and in those with decompensated liver disease. 19 More recently, Leung et al. performed further analyses using NOTE: Model 1 adjusted for age, race, and sex; model 2 adjusted for same variables as model 1 plus categories of the Deyo Charlson comorbidity index and diagnosis of fracture; model 3 adjusted for same as model 2 plus individual diagnostic codes for congestive heart failure, diabetes, cancer, and liver disease. All models were stratified by clinical center.
Abbreviations: CI, confidence interval; SNa, serum sodium.
*Corrected for simultaneous measurement of glucose. † Effect estimates were obtained using model 3, without the inclusion of fracture as a covariate. data from the ACS NSQIP, reporting that preoperative hypernatremia (>144 mmol/L, uncorrected and measured within 90 days of surgery) is associated with 44% greater adjusted odds (OR: 1.44, 95% CI: 1.33-1.56) of 30-day mortality, but was not significantly associated with greater mortality in the orthopedic subgroup. 20 We extend the literature by examining glucose-corrected SNa and again by focusing specifically on those undergoing major orthopedic surgery, reporting an association of perioperative hypernatremia with greater length of stay and 30-day mortality. In our study, when we specifically examined the association of preoperative SNa values, we noted attenuation of the effect estimates and loss of statistical significance, confirming the subgroup findings of Leung et al. 20 The reasons for this are not clear, but may relate to the possibility that perioperative hypernatremia (as opposed to preoperative) is a stronger marker of concurrent illness severity and therefore more closely associates with adverse clinical outcomes.
As with most observational studies in this area, the question of whether dysnatremia is causative or merely a marker of comorbidity remains. In this regard, there are some unique points that deserve mention in this cohort of patients. Hyponatremia has previously been associated with several musculoskeletal abnormalities, including a greater risk of fracture, 7, 16, 21 which may contribute to the observed associations with greater morbidity and mortality. For example, Verbalis et al. reported that the induction and maintenance of hyponatremia by administration of 1-deamino28-D-arginine vasopressin in rodent models is associated with reduced bone mineral density in excised rat femurs, which may predispose to greater fracture risk. 22 In humans, the same authors reported that hyponatremia (<135 mmol/L) was independently associated with greater odds of having osteoporosis at the femoral neck in individuals aged 50 years or older (OR: 2.87, 95% CI: 1.41-5.81), compared with normonatremic individuals (135-145 mmol/L). 22 On the other hand, Kinsella et al. found that hyponatremia (<135 mmol/L) associated with greater odds of having a fracture (OR: 2.25, 95% CI: 1.24-4.09), independent of the presence of osteoporosis as measured by hip and vertebral T-scores, suggesting an association between hyponatremia and fracture, independent of osteoporosis. 6 Other potential confounders of these associations may include gait disturbance and unsteadiness, which could contribute to greater fall and fracture risk. 7, 8, 21 Additional proposed mechanisms for the association of hyponatremia with adverse outcomes include the development of cerebral edema, 23 abnormal nerve conduction, 24 and predisposition to infection, 25 perhaps via altered immune functioning in the presence of hypo-osmolality. Unfortunately, due to data limitations, we were unable to investigate these hypotheses further in our present study. In relation to hypernatremia, associations with impairment in neurologic, 26 myocardial, 27 and immune functioning have been reported previously, which may contribute to some of the excess risk associated with this condition.
There are several limitations of this study that deserve further mention. We used ICD-9 and diagnosis-related group codes to ascertain data on primary diagnoses and comorbid conditions, raising the possibility of some degree of misclassification of covariates in this study. We were unable to differentiate between elective versus urgent/emergent procedures. Given the large sample size and intrinsic data limitations, we were unable to ascertain the underlying causes of dysnatremia, or examine practice differences between the 2 institutions from which the sample was sourced. The majority of our sample had perioperative SNa measurements performed on the same day as their major orthopedic procedure. Although we were unable to confirm the timing of SNa measurements relative to the operation, it is not uncommon for elective cases to have initial hospitalization labs drawn in the recovery room, as opposed to preoperatively. In sensitivity analyses, we found similar patterns of association for hyponatremia with outcomes, but not for hypernatremia, when we examined the SNa measurement within 60 days prior to admission as the exposure of interest. Although these analyses were underpowered, they provide some modicum of reassurance that the observed associations of perioperative hyponatremia with adverse outcomes are robust. Whether perioperative dysnatremia, measured in the recovery room, has associations with clinical outcomes that are distinct from immediate preoperative dysnatremia requires further research. The possibility of residual confounding (eg, administration of fluids, medications, severity of illness) that was not captured by the D-CI index, functional status and infection remain important considerations. Finally, caution must be applied before generalizing our results from 2 large academic centers to the general hospitalized orthopedic population.
In conclusion, we report that dysnatremia on admission for patients requiring major orthopedic surgery is present in approximately 10% of patients and is associated with greater length of stay and all-cause mortality. Further research is required to assess whether dysnatremia is a mediator or marker for increased morbidity and mortality, and whether perioperative correction of hypo-or hypernatremia will improve clinical outcomes in these patients.
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